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Chromoplasts are nonphotosynthetic plastids that accumulate carotenoids. They derive from other plastid forms, mostly
chloroplasts. The biochemical events responsible for the interconversion of one plastid form into another are poorly documented.
However, thanks to transcriptomics and proteomics approaches, novel information is now available. Data of proteomic
and biochemical analysis revealed the importance of lipid metabolism and carotenoids biosynthetic activities. The loss of
photosynthetic activity was associated with the absence of the chlorophyll biosynthesis branch and the presence of proteins
involved in chlorophyll degradation. Surprisingly, the entire set of Calvin cycle and of the oxidative pentose phosphate pathway
persisted after the transition from chloroplast to chromoplast. The role of plastoglobules in the formation and organisation
of carotenoid-containing structures and that of the Or gene in the control of chromoplastogenesis are reviewed. Finally, using
transcriptomic data, an overview is given the expression pattern of a number of genes encoding plastid-located proteins during
tomato fruit ripening.

1. Introduction

Chromoplasts are nonphotosynthetic plastids that accumu-
late carotenoids and give a bright colour to plant organs such
as fruit, flowers, roots, and tubers. They derive from chlo-
roplasts such as in ripening fruit [1], but they may also arise
from proplastids such as in carrot roots [2] or from amylo-
plasts such as in saffron flowers [3] or tobacco floral nectaries
[4]. Chromoplasts are variable in terms of morphology
of the carotenoid-accumulating structures and the type of
carotenoids [5, 6]. For instance, in tomato, lycopene is the
major carotenoid, and it accumulates in membrane-shaped
structures [7] while in red pepper beta-carotene is prominent
and accumulates mostly in large globules [8]. Reviews spe-
cifically dedicated to the biogenesis of chromoplasts have
been published [9–11]. Some information can also be found
in papers dedicated to plastid differentiation in general

[12, 13]. Thanks to transcriptomics and proteomics ap-
proaches, novel information is now available on the bio-
chemical and molecular aspects of chromoplasts differenti-
ation [14–16]. The present paper will review these novel data
and provide a recent view of the metabolic and molecular
events occurring during the biogenesis of chromoplasts and
conferring specificities to the organelle. Focus will be made
on the chloroplast to chromoplast transition.

2. Chromoplast Differentiation Is
Associated with Important Structural,
Metabolic, and Molecular Reorientations

Important structural changes occur during the chloroplast
to chromoplast transition, thylakoid disintegration being the
most significant (Figure 1). Early microscopic observations
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Figure 1: Schematic representation of the main structural changes occurring during the chloroplast to chromoplast transition.

have shown that plastoglobuli increase in size and number
during the chloroplast-chromoplast transition [7] and that
the internal membrane system is profoundly affected at the
level of the grana and intergrana thylakoids [17]. Stromules
(stroma-filled tubules) that are dynamic extensions of the
plastid envelope allowing communication between plastids
and other cell compartments like the nucleus [18] are also
affected during chromoplastogenesis. A large number of long
stromules can be found in mature chromoplasts contrasting
with the few small stromules of the chloroplasts in green
fruit [19]. It can therefore be assumed that the exchange of
metabolites between the network of plastids and between
the plastids and the cytosol is increased in the chromoplast
as compared to the chloroplast. However, the most visible
structural change is the disruption of the thylakoid grana,
the disappearance of chlorophyll, and the biogenesis of car-
otenoid-containing bodies. Associated with the structural
changes, the toc/tic transmembrane transport machinery
is disintegrated [16, 20]. The noncanonical signal peptide
transport [21] and intracellular vesicular transport [22, 23]
may represent the most active form of trans-membrane
transport into the chromoplast as compared to the chloro-
plast. Proteins involved in vesicular transport were detected
in the tomato chromoplastic proteome [16].

One of the most visible metabolic changes occurring
during the chloroplast to chromoplast transition is the loss of
chlorophyll and the accumulation of carotenoids [24]. A
spectral confocal microscopy analysis of carotenoids and

chlorophylls has been carried out during the chloroplast to
chromoplast transition in tomato fruit, including a time-
lapse recording on intact live tissue [25]. Details of the early
steps of tomato chromoplast biogenesis from chloroplasts
are provided at the cellular level that show the formation
of intermediate plastids containing both carotenoids and
chlorophylls. This study also demonstrated that the chloro-
plast to chromoplast transition was synchronous for all
plastids of a single cell and that all chromoplasts derived from
preexisting chloroplasts.

The photosynthetic machinery is strongly disrupted and
a reduction in the levels of proteins and mRNAs associated
with photosynthesis was observed [26]. Also the decrease
in photosynthetic capacity during the later stages of tomato
fruit development was confirmed by transcriptomic data
[27]. However, part of the machinery persist in the chro-
moplast. It has been suggested that it participates in the
production of C4 acids, in particular malate a key substrate
for respiration during fruit ripening [28]. In the tomato
chromoplast proteome, all proteins of the chlorophyll
biosynthesis branch are lacking [16]. In the early stages of
tomato fruit ripening, the fruits are green and the plastids
contain low levels of carotenoids that are essentially the same
as in green leaves, that is, mainly β-carotene, lutein, and
violaxanthin. At the “breaker” stage of ripening, lycopene
begins to accumulate and its concentration increases 500-
fold in ripe fruits, reaching ca. 70 mg/g fresh weight [24].
During the ripening of tomato fruit, an upregulation of
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the transcription of Psy and Pds, which encode phytoene
synthase and phytoene desaturase, respectively, was reported
[29]. One of the main components of the carotenoid-protein
complex, a chromoplast-specific 35-kD protein (chrC), has
been purified and characterized in Cucumis sativus corollas.
It showed increasing steady-state level in parallel with
flower development and carotenoid accumulation, with a
maximum in mature flowers [30]. In tomato, concomitantly
with increased biosynthesis of lycopene, the processes for
splitting into β and γ carotene were absent [16]. The mRNAs
of CrtL-b and CrtL-e were strongly downregulated during
fruit ripening [29]. They encode lycopene β-cyclase and
ε-cyclase, enzymes involved in the cyclization of lycopene
leading to the formation of β and δ carotene, respectively.
In these conditions, the low rate of cyclization and splitting
contributes to the accumulation of lycopene in ripe tomato
fruit.

In terms of reactive oxygen species, antioxidant enzymes
are upregulated during chromoplast development, and lip-
ids, rather than proteins, seem to be a target for oxidation.
In the chromoplasts, an upregulation in the activity of su-
peroxide dismutase and of components of the ascorbate-
glutathione cycle was observed [31].

The plastid-to-nucleus signaling also undergoes impor-
tant changes. In the chromoplast, the main proteins involved
in the synthesis of Mg-protoporphyrin IX, a molecule sup-
posed to play an important role in retrograde signaling [32]
is absent, but other mechanisms such as hexokinase 1 or cal-
cium signaling were present [16]. The plastid-nucleus com-
munication is still an open subject with many still unan-
swered questions.

3. A Number of Metabolic Pathways
Are Conserved during Chromoplast
Differentiation

The comparison of data arising from proteomics of the
chloroplast [33] and of the chromoplast [16] as well as
biochemical analysis of enzyme activities suggest that several
pathways are conserved during the transition from chlo-
roplast to chromoplast. Such is the case for (i) the Calvin
cycle which generates sugars from CO2, (ii) the oxidative
pentose phosphate pathway (OxPPP) which utilizes the
6 carbons of glucose to generate 5 carbon sugars and
reducing equivalents, and (iii) many aspects of lipid me-
tabolism (Figure 2). Activities of enzymes of the Calvin
cycle have been measured in plastids isolated from sweet
pepper. They may even be higher in chromoplasts than
in chloroplasts [34] In ripening tomato fruits, several
enzymes of the Calvin cycle (hexokinase, fructokinase,
phosphoglucoisomerase, pyrophosphate-dependent phos-
phofructokinase, triose phosphate isomerase, glyceraldehyde
3-phosphate dehydrogenase, phosphoglycerate kinase, and
glucose 6-phosphate dehydrogenase) are active [35]. The
activity of glucose 6-phosphate dehydrogenase (G6PDH),
a key component of the OxPPP, was higher in fully ripe
tomato fruit chromoplasts than in leaves or green fruits [36].
Also, a functional oxidative OxPPP has been encountered

in isolated buttercup chromoplasts [37]. Proteomic analysis
have demonstrated that an almost complete set of proteins
involved in the OxPPP are present in isolated tomato fruit
chromoplasts (Figure 2). The persistence of the Calvin cycle
and the OxPPP cannot be related to photosynthesis since the
photosynthetic system is disrupted. In nonphotosynthetic
plastids, the Calvin cycle could provide reductants and also
precursors of nucleotides and aromatic aminoacids to allow
the OxPPP cycle to function optimally [16].

Starch transiently accumulates in young tomato fruit
and undergoes almost complete degradation by maturity. In
fact, starch accumulation results from an unbalance between
synthesis and degradation. Enzymes capable of degrading
starch have been detected in the plastids of tomato fruit.
In addition, tomato fruit can synthesize starch during the
period of net starch breakdown, illustrating that these two
mechanisms can coexist [38]. As indicated in Figure 3,
proteins for starch synthesis have been encountered in
the tomato chromoplast (ADP-glucose pyrophosphorylase,
starch synthase, and starch branching enzyme). In addition,
the system for providing neutral sugars to the starch bio-
synthesis pathway is complete including the glucose-6P-
translocator which imports sugars from the cytosol. The
presence of active import of glucose-6P, but not glucose-
1P, had been demonstrated in buttercup chromoplasts [37].
Although some starch granules may be present in ripe
tomatoes, the amount of starch is strongly reduced [39]. The
most probable explanation is that starch undergoes rapid
turnover with intense degradation. This assumption is sup-
ported by the presence in the tomato chromoplast of most
of the proteins involved in starch degradation (Figure 3).
Particularly interesting is the presence of one glucan-water
dikinase (GWD), one phospho-glucan-dikinase (PWD), and
one phospho-glucan-phosphatase (PGP) that facilitate the
action of β-amylases [40]. Mutants of these proteins, named
starch excess (SEX1 corresponding to GWD and SEX4 to
PGP), accumulate large amounts of starch [40]. In agreement
with the above-mentioned hypothesis, high activity of β-
amylase has been found during apple and pear fruit ripening
at a time where starch has disappeared [41]. The presence of
a glucose translocator for the export of sugars generated by
starch degradation represents another support to the func-
tionality of the starch metabolism pathways in chromoplasts.
In olive fruit, a high expression of a glucose transporter gene
was observed at full maturity when the chromoplasts were
devoid of starch [42]. Nevertheless, the enzymatic activity of
all of the proteins remains to be demonstrated inasmuch as
posttranslational regulation of enzymes of starch metabolism
has been reported [43] including protein phosphorylation
[44]. Interestingly, orthologs of the 14-3-3 proteins of the
μ family of Arabidopsis involved in the regulation of starch
accumulation [45] are present in the tomato chromoplastic
proteome (Figure 3). The 14-3-3 proteins participate in the
phosphorylation-mediated regulatory functions in plants.

In chloroplasts, thylakoid membranes, as well as envelope
membranes, are rich in galactolipids and sulfolipids [46].
Lipid metabolism is also highly active in the chromoplasts.
Despite thylakoid disassembly, new membranes are syn-
thesized such as those participating in the formation of
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5 SGN-U312804 glyceraldehyde-3-phosphate dehydrogenase B
5 SGN-U312461 glyceraldehyde-3-phosphate dehydrogenase B
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7 SGN-U314788 fructose-bisphosphate aldolase
7 SGN-U314787 fructose-bisphosphate aldolase
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Figure 2: Presence of proteins of the Calvin cycle in the tomato chromoplastic proteome. Proteins are indicated by white squares inside
black frames and represented by their generic name and unigene SGN code. Numbers represent the position of the protein in the cycle. Data
are derived from [16].
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Figure 3: Presence of proteins of the starch synthesis and degradation pathways, of posttranslational regulation of starch synthesis, and of
sugar translocators in the tomato chromoplastic proteome. Proteins are indicated by white squares inside black frames and represented by
their generic name and unigene SGN code. Numbers represent the position of the protein in the cycle. Data are derived from [16].
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carotenoid storage structures. These newly synthesized
membranes are not derived from the thylakoids but rather
from vesicles generated from the inner membrane of the
plastid [47]. Key proteins for the synthesis of phospholipids,
glycolipids, and sterols were identified [16] along with some
proteins involved in the lipoxygenase (LOX) pathway. They
have been described in the chloroplast, and they lead to the
formation oxylipins, which are important compounds for
plant defense responses [48]. In the tomato chromoplast, all
proteins potentially involved in the LOX pathway leading to
the generation of aroma volatiles were found [16].

The shikimate pathway, which is present in microorgan-
isms and plants and never in animals, is a branch point
between the metabolism of carbohydrates and aromatic
compounds. It leads to the biosynthetic of the aromatic
amino acids tyrosine, tryptophan, and phenylalanine [49].
The presence of an active shikimate pathway has been dem-
onstrated in chromoplasts isolated from wild buttercup
petals by measuring the activity of the shikimate oxidoreduc-
tase [50], and a number of proteins involved in the shikimate
pathway have been encountered in the tomato chrom-
oplast proteome [16]. The aromatic amino acids derived
from the shikimate pathway are the precursors of a number
of important secondary metabolites. Tyrosine is the pre-
cursor of tocopherols and tocotrienols. Tryptophane is in-
volved in the synthesis of indole alkaloids which are essential
for the generation of some glucosinolates, terpenoids, and
tryptamine derivatives [50]. Phenylalanine is the precursor
of several classes of flavonoids, including anthocyanins. It is
also a precursor for the biosynthesis of volatile compounds
which are important for fruit flavor and flower scent,
eugenol, 2-phenylacetaldehyde and, 2-phenylethanol [51,
52]. In tomato fruit, for instance, 2-phenylacetaldehyde and
2-phenylethanol are generated from phenylalanine by an aro-
matic amino acid decarboxylase and a phenylacetaldehyde
reductase, respectively [53, 54]. Nevertheless, there is no
indication that the synthesis of the secondary metabolites
derived from the shikimate pathway takes place in the
chromoplast.

During fruit ripening, an increased synthesis of α-
tocopherol was observed [55]. The biosynthesis of α-
tocopherol was localized in the envelope membranes of the
Capsicum annum [56], and the almost complete set of pro-
teins of the pathway were present in the tomato chromoplast
[16]. The accumulation of α-tocopherol, by protecting mem-
brane lipids against oxidation, may contribute to delaying
senescence [57].

4. Plastoglobuli, Plastoglobules, and the
Chloroplast-to-Chromoplast Transition

Plastoglobules are lipoprotein particles present in chloro-
plasts (Figure 1) and other plastids. They have been recently
recognized as participating in some metabolic pathways
[58]. For instance, plastoglobules accumulate tocopherols
and harbor a tocopherol cyclase, an enzyme catalyzing the
conversion of 2,3-dimethyl-5-phytyl-1,4-hydroquinol to γ-
tocopherol [59]. Plastoglobuli also accumulate carotenoids

as crystals or as long tubules named fibrils [60, 61]. Part of
the enzymes involved in the carotenoid biosynthesis pathway
(ζ-carotene desaturase, lycopene β cyclase, and two β-
carotene β hydroxylases) were found in the plastoglobuli
[62].

Plastoglobules arise from a blistering of the stroma-
side leaflet of the thylakoid membrane [63], and they are
physically attached to it [45]. During the chloroplast-to-
chromoplast transition, a change in the size and number of
plastoglobuli was observed (Figure 1). They are larger and
more numerous than in the chloroplast [7]. Plastoglobules
are the predominant proteins of plastoglobules. Several types
of plastoglobules have been described: fibrillin, plastid lipid-
associated proteins (PAP) and carotenoid-associated protein
(CHRC). All plastoglobules participate in the accumulation
of carotenoids in the plastoglobule structure. Carotenoids
accumulate as fibrils to form supramolecular lipoprotein
structures. A model for fibril assembly has been proposed
in which the core is occupied by carotenoids that interact
with polar galacto- and phospho-lipids. Fibrillin molecules
are located at the periphery in contact with the plastid stroma
[64]. In tomato, the overexpression of a pepper fibrillin
caused an increase in carotenoid and carotenoid-derived
flavour volatiles [47] along with a delayed loss of thylakoids
during the chloroplast-to-chromoplast transition. In fibrillin
overexpressing tomato, the plastids displayed a typical chro-
moplastic zone contiguous with a preserved chloroplastic
zone. PAP is another major protein of plastoglobules that
also participates in the sequestration of carotenoids [64, 65].
As for CHRC, its downregulation resulted in a 30% reduc-
tion of carotenoids in tomato flowers [66]. Plastoglobuli
are, therefore, complex assemblies that play a key role in
carotenoid metabolism and greatly influence the evolution
of the internal structure of the plastid during the chloroplast
to chromoplast transition.

5. A key Player in Chromoplast Differentiation:
The Or Gene

The Or gene was discovered in cauliflower where the dom-
inant mutation Or conferred an orange pigmentation with
the accumulation of β-carotene mostly in the inflorescence
[67]. The Or gene was isolated by positional cloning [68].
It is localized in the nuclear genome and is highly con-
served among divergent plant species [69]. The Or protein
corresponds to plastid-targeted a DnaJ-like co-chaperone
with a cysteine-rich domain lacking the J-domain [68].
DnaJ proteins are known for interacting with Hsp70 chap-
erones to perform protein folding, assembly, disassembly,
and translocation. The Or mutation is not a loss of function
mutation as indicated by the absence of phenotype upon
RNAi silencing. It is probably a dominant-negative mutation
affecting the interaction with Hsp70 chaperones [70]. The
OR mutants displayed an arrest in plastid division so that a
limited number of chromoplasts (one or two) were present
in the affected cells [71]. Potato tubers over-expressing the
Or gene accumulate carotenoids [69]. In the OR mutant, the
expression of carotenoid biosynthetic genes was unaffected
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and chromoplasts differentiated normally with membra-
nous inclusions of carotenoids similar to those of carrot
roots. It is concluded that the Or gene is not involved
in carotenoid biosynthesis but rather creates a metabolic
sink for carotenoid accumulation through inducing the
formation of chromoplasts [72].

6. Transcriptional and Translational Activity in
the Plastid Undergo Subtle Changes during
Chromoplast Biogenesis

Most proteins present in the plastid are encoded by nuclear
genes. The plastid genome encodes around 84 proteins [60].
Restriction enzyme analysis between chloroplasts of leaves
and chromoplasts of tomato fruit indicates the absence of
rearrangements, losses, or gains in the chromoplastic DNA
[61]. During chromoplast differentiation, the global tran-
scriptional activity is stable, except for a limited number of
genes such as accD, encoding a subunit of the acetyl-CoA
carboxylase involved in fatty acid biosynthesis, trnA (tRNA-
ALA), and rpoC2 (RNA polymerase subunit) [15]. Polysome
formation within the plastids declined during ripening
suggesting that, while the overall RNA levels remain largely
constant, plastid translation is gradually downregulated dur-
ing chloroplast-to-chromoplast differentiation. This trend
was particularly pronounced for the photosynthesis gene
group. A single exception was observed; the translation of
accD stayed high and even increased at the onset of ripening
[15].

Specific studies of few plastid-localized genes have been
carried out. Genes involved in photosynthesis were, as ex-
pected, downregulated during chromoplast formation [25].
However, an upregulation of the large subunit of ribulose-
1,5-bisphosphate carboxylase/oxygenase and the 32 kD photo-
system II quinone binding protein genes has been observed
in the chromoplasts of squash fruits (Cucurbitae pepo) [62].
A possible explanation would be that these genes could
be regulated independently from the plastid differentiation
processes. Genes involved in carotenoid biosynthesis such
as the lycopene β-cyclase (CYCB) were upregulated during
chromoplast formation in many plants including the wild
species of tomato Solanum habrochaites [63].

7. Changes in Gene Expression
during Chromoplast Differentiation in
Ripening Tomato

The availability of proteomic data of tomato chromoplasts
[16] and expression data of a wide range of tomato genes
(The Tomato Expression Database: http://ted.bti.cor-
nell.edu) [73] allowed classifying genes encoding chrom-
oplastic proteins according to their expression pattern
(Table 1). Among the 87 unigenes whose encoded proteins
are located in the chromoplast, the biggest functional class
corresponds to genes involved in photosynthesis. Most of
them (18 out of 24) are either permanently (Table 1(c)) or

transiently (Table 1(e)) downregulated at the breaker
stage. This is in agreement with the dramatic decrease in
the photosynthetic activity of the chromoplast. Three of
them show constant expression (Table 1(a): U313693 ATP
synthase delta chain; U312985 glycine cleavage system H
protein; U312532 oxygen-evolving enhancer protein) and
three upregulation (Table 1(b): U312690 plastocyanin;
U312593 chlorophyll A-B binding protein 4; U314994
phosphoglycolate phosphatase). In the case of Calvin
cycle, 5 out of 12 genes (U312344 fructose-bisphosphate
aldolase; U312608 fructose-bisphosphate aldolase; U312609
fructose-bisphosphate aldolase; U314254 ribulose bis-
phosphate carboxylase small chain 1A; U314701 ribulose
bisphosphate carboxylase small chain 3B) had a constant
decrease during chromoplast differentiation (Table 1(c)).
In tomato fruit, the activity of the ribulose-1,5-bisphosphate
carboxylase/oxygenase had a constant decrease during fruit
ripening [74], which is in line with the transcriptomic and
proteomic data. The genes encoding fructose-bisphosphate
aldolase isoforms presented different expression profiles
being either up- (U314788) or down- (U312344) regulated
during tomato fruit ripening. An increase in overall
transcript levels for the fructose-1,6-bisphosphate aldolase
has been described during ripening [75]. The importance
of transcripts and enzyme activity of the various isoforms
are unknown. The remaining genes involved in the Calvin
cycle showed either increased (Table 1(b); U312802
glyceraldehyde-3-phosphate dehydrogenase B; U312538
RuBisCO subunit binding-protein) or unchanged expression
(Table 1(a); U316424 fructose-1,6-bisphosphatase; U312544
ribulose bisphosphate carboxylase/-oxygenase activase).
Three genes coding for the OxPPP were found: two of them
exhibited a transient increase in expression at the breaker
stage (Table 1(d): U315528 ribose 5-phosphate isomerase-
related; U332994 6-phosphogluconate dehydrogenase
family protein) and one a transient decrease (Table 1(e):
U315064 transaldolase). The 3 genes involved in tetrapyrrole
biosynthesis are not part of the chlorophyll synthesis
branch and all of them had an increased expression
(Table 1(b): U315993 coproporphyrinogen III oxidase;
U315267 uroporphyrinogen decarboxylase; U315567
hydroxymethylbilane synthase), suggesting that the synthesis
of tetrapyrroles continues during the transition from
chloroplast to chromoplast. As expected, most of the
genes (5 out of 6) coding for enzymes involved in carotenoid
synthesis showed continuous (Table 1(b): U314429 phytoene
synthase; U315069 isopentenyl-diphosphate delta-isomerase
II; U316915 geranylgeranyl pyrophosphate synthase;
U318137 phytoene dehydrogenase) or transient (Table 1(d):
U313450 geranylgeranyl reductase) upregulation. The
precursors for carotenoid production are synthesized
through the methylerythritol phosphate (MEP) pathway.
The gene encoding hydroxymethylbutenyl 4-diphosphate
synthase (HDS) (U314139) downstream in the pathway
has stable expression (Table 1(a)). This is consistent with
previous studies that showed that there were no significant
changes in HDS gene expression during tomato fruit
ripening [76].
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Table 1: Expression profile analysis of 87 genes whose products are targeted to tomato chromoplasts (∗).
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(a)

Photosystem: U313693 ATP synthase delta chain; U312985 glycine cleavage
system H protein; U312532 oxygen-evolving enhancer protein.
Calvin cycle: U316424 fructose-1, 6-bisphosphatase; U312544 ribulose
bisphosphate carboxylase/-oxygenase activase.
Secondary metabolism: U314139 1-hydroxy-2-methyl-2-(E)-butenyl
4-diphosphate synthase.
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Photosystem: U312690 plastocyanin; U312593 chlorophyll A-B binding
protein 4; U314994 phosphoglycolate phosphatase.
Calvin cycle: U314788 fructose-bisphosphate aldolase; U312802
glyceraldehyde-3-phosphate dehydrogenase B; U312538 RuBisCO subunit
binding-protein.
Redox: U314092 L-ascorbate peroxidase; U319145 thioredoxin family protein;
U320487 monodehydroascorbate reductase.
Amino acid metabolism: U321505 anthranilate synthase; U317466
3-phosphoshikimate 1-Carboxyvinyltransferase; U317564 tryptophan
synthase.
Lipid metabolism: U315474 3-oxoacyl-(acyl-carrier-protein) synthase I;
U315475 3-oxoacyl-(acyl-carrier-protein) synthase I; U313753 pyruvate
dehydrogenase E1 component. Major CHO metabolism: U315116 starch
excess protein (SEX1); U333011 isoamylase, putative; U312423 1,
4-alpha-glucan branching enzyme; U312427 1, 4-alpha-glucan branching
enzyme.
Secondary metabolism: U314429 phytoene synthase; U315069
isopentenyl-diphosphate delta-isomerase II; U316915 geranylgeranyl
pyrophosphate synthase; U318137 phytoene dehydrogenase.
Tetrapyrrole synthesis: U315993 coproporphyrinogen III oxidase; U315267
uroporphyrinogen decarboxylase; U315567 hydroxymethylbilane synthase.
Mitochondrial electron transport: U316255 NADH-ubiquinone
oxidoreductase.
Fermentation, ADH: U314358 alcohol dehydrogenase (ADH).
Miscellaneous, cytochrome P450: U313813 NADPH-cytochrome p450
reductase.
S-assimilation. APS: U313496 sulfate adenylyltransferase 1.
Development unspecified: U316277 senescence-associated protein (SEN1).
Cell organisation: U313480 plastid lipid-associated protein PAP, putative.
Hormone metabolism: U315633 lipoxygenase.
N-metabolism ammonia metabolism: U323261 glutamate synthase (GLU1).
Stress abiotic heat: U315717 HS protein 70.
Not assigned, No ontology: U317890 hydrolase, alpha/beta fold family protein.
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Photosystem: U312531 oxygen-evolving enhancer protein; U313447
photosystem I reaction center subunit IV; U313204 chlorophyll A-B binding
protein 2; U313245 ATP synthase gamma chain 1; U312436 chlorophyll A-B
binding protein; U313211 chlorophyll A-B binding protein 2; U313212
chlorophyll A-B binding protein 2; U313213 chlorophyll A-B binding protein
2; U312572 photosystem II oxygen-evolving complex 23 (OEC23); U314260
photosystem I reaction center subunit III family protein.
Calvin cycle: U312344 fructose-bisphosphate aldolase; U312608
fructose-bisphosphate aldolase; U312609 fructose-bisphosphate aldolase;
U314254 ribulose bisphosphate carboxylase small chain 1A; U314701 ribulose
bisphosphate carboxylase small chain 3B.
Lipid metabolism: U319207 phosphatidylglycerol phosphate synthase (PGS1).
Redox: U313537 dehydroascorbate reductase.
Major CHO metabolism: U316416 glucan phosphorylase, putative.
N-metabolism: U314517 glutamine synthetase (GS2).
Amino acid metabolism: U317344 bifunctional aspartate kinase/homoserine
dehydrogenase; U320667 cystathionine beta-lyase.
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Table 1: Continued.

+

−
MG

0

R
el

at
ve

ge
n

e
ex

pr
es

si
i

on

B − 1B B + 1 B + 5 B + 10

(a)

Photosystem: U313693 ATP synthase delta chain; U312985 glycine cleavage
system H protein; U312532 oxygen-evolving enhancer protein.
Calvin cycle: U316424 fructose-1, 6-bisphosphatase; U312544 ribulose
bisphosphate carboxylase/-oxygenase activase.
Secondary metabolism: U314139 1-hydroxy-2-methyl-2-(E)-butenyl
4-diphosphate synthase.
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(d)

Redox: U314061 peroxiredoxin Q; U314093 L-ascorbate peroxidase,
thylakoid-bound (tAPX); U314923 2-cys peroxiredoxin.
OPP, Nonreductive PP: U315528 ribose 5-phosphate isomerase related;
U332994 6-phosphogluconate dehydrogenase family protein; U316131
6-phosphogluconate dehydrogenase NAD-binding domain-containing
protein.
Secondary metabolism: U317741 acetyl coenzyme A carboxylase carboxyl
transferase alpha subunit family; U313450 geranylgeranyl reductase.
Amino acid metabolism: U317245 tryptophan synthase related.
N-metabolism ammonia metabolism: U317524 ferredoxin-nitrite reductase.
Lipid metabolism: U315697 enoyl-(acyl-carrier protein) reductase (NADH)
U321151 lipoxygenase.
Transport metabolite: U312460 triose phosphate/phosphate translocator,
putative.
Signalling calcium: U315961 calnexin 1 (CNX1).
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(e)

Photosystem: U312843 chlorophyll A-B binding protein; U312858 cytochrome
B6-F complex iron-sulfur subunit; U313214 chlorophyll A-B binding protein
2; U312791 phosphoribulokinase (PRK); U317040 photosystem II reaction
center PsbP family protein; U312449 chlorophyll A-B binding protein CP26;
U312661 chlorophyll A-B binding protein CP29 (LHCB4); U313789 ATP
synthase family.
Calvin cycle: U312461 glyceraldehyde 3-phosphate dehydrogenase A; U312871
oxygen-evolving enhancer protein 3.
Redox: U315728 glutathione peroxidase.
OPP nonreductive PP transaldolase: U315064 transaldolase.
Signaling calcium: U318939 calcium-binding EF hand family protein.
Major CHO metabolism: U313315 beta amylase.

(∗) Genes represented in this table are filtered from TED database [64] crossing with the proteins described by Barsan et al. [16]. The expression profiles
were clustered with the Bioinformatics tools of the Matlab (MathWorks) software package and further reduced to five representative expression profiles
according to their general tendencies represented in the first column. The expression values used in this analysis were taken from experiment E011 from TED
database. Relative expression refers to the ratio between the expression values of each ripening point and MG. All data were normalized by the mean and log2
transformed. (a) Genes that remain stable during the ripening, (b) genes that have an increase or (c) a decrease until breaker stage and then reaches a plateau,
(d) genes that have a positive or (e) negative transient expression around the breaker stage. (MG, mature green; B-1, 1 d before breaker; B, breaker stage; B +
1, 1 d after breaker; B + 5, 5 d after breaker; B + 10, 10 d after breaker.)

In the case of lipid metabolism, three genes showed
increased expression (Table 1(b): U315474 3-oxoacyl-(acyl-
carrier-protein) synthase I; U315475 3-oxoacyl-(acyl-carrier-
protein) synthase I; U313753 pyruvate dehydrogenase E1
component), and two genes had transient increase
(Table 1(d): U315697 enoyl-(acyl-carrier protein) reductase
(NADH); U321151 lipoxygenase). Phosphatidylglycerol
phosphate synthase showed decreased expression
(Table 1(c)). This enzyme is involved in the biosynthesis
of phosphatidylglycerol and is considered as playing an
important role in the ordered assembly and structural
maintenance of the photosynthetic apparatus in thylakoid
membranes and in the functioning of the photosystem II
[77]. The downregulation of this gene during chromoplast

differentiation is consistent with thylakoid disintegration
and photosynthesis disappearance.

Four genes of the starch metabolism present upregu-
lation (Table 1(b)). Two of them are part of the starch
biosynthesis (U312423 1,4-alpha-glucan branching enzyme;
U312427 1, 4-alpha-glucan branching enzyme), and one of
them is involved starch degradation U315116 starch excess
protein (SEX1). The fourth one, an isoamylase (U333011)
can participate either in starch degradation or in starch
synthesis, depending on the isoform [78]. The expression of
the gene that codes a starch degrading glucan phosphorylase
(U316416) decreases, and the expression of another starch
degrading gene, beta-amylase (U313315), has a negative
transient expression (Table 1(b)). In addition, proteomic
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studies have shown the presence of two starch excess proteins
(SEX1 and 4) that probably contribute to the absence of
starch accumulation [16]. Starch is degraded during the
chloroplast to chromoplast transition to provide carbon and
energy necessary to sustain the metabolic activity during
fruit ripening. Several enzymes are responsible for the
processes, each one possessing several isoforms with different
regulatory mechanisms [78].

Interestingly genes involved in aroma production such as
ADH (U314358) or LOXC (U315633) had a constant increase
in gene expression (Table 1(b)). This could be related to the
increase in aroma production via the LOX pathway.

The microarray data discussed in this section cover a
wide range of the tomato transcriptome. However, several
isoforms of several genes are not represented in the database,
which could explain some contradictory patterns of expres-
sion encountered in our analysis. Nevertheless, although not
providing a full picture of the molecular events occuring
during the chloroplast to chromoplast transition, these data
confirm the regulation at the transcriptional level of the most
salient events.

8. Conclusions and Perspectives

With the advent of high throughput technologies, great
progress has been made in the recent years in the eluci-
dation of the structure and function of plastids. The most
important data obtained in the area have been generated
for the chloroplast of Arabidopsis. Much less information
is available for the chromoplast. However, recent studies
with bell pepper [14] and tomato fruit [16] have allowed
assigning to chromoplasts a number of proteins around 1000,
which is in the same order of magnitude as Arabidopsis
chloroplasts [33]. This number is, however, much lower
than the number of proteins predicted to be located in
the plastid which has been estimated at up to 2700 [79]
or even 3800 [80]. The increased sensitivity of the mass
spectrometry technologies associated with efficient methods
of purification of plastids, particularly chromoplasts, will
allow in the future identifying more proteins. So far,
changes in the proteome have not been described during
the differentiation of chromoplast. Such studies imply the
development of efficient protocols for isolating plastids at
different stages of differentiation during chromoplastogen-
esis. The combination of proteomics and transcriptomics
may also give novel information on the process in a near
future. The discovery of the Or gene has been a great
step forward to the understanding of the molecular deter-
minism of chromoplast differentiation. There is a need to
better understand the regulatory mechanism controlling the
expression of the Or gene. Many genes encoding for plastidial
proteins are regulated by the plant hormone ethylene and,
therefore, participate in the transcriptional regulation of the
fruit ripening process in general [81, 82]. Other hormones
such as ABA and auxin may also be involved. Interactions
between hormones and other signals (light, for instance)
during chromoplast differentiation represent another field of
investigation to be explored. Because most of the proteins

present in the chromoplast are encoded by nuclear genes,
it will be important in future to better understand the
changes occurring in the processes of transport of proteins
to the chromoplast. It is suspected that vesicular transport
is gaining importance, but more experimental evidence is
required. Finally the dialog between the nucleus and the
chromoplast and the signals involved needs to be explored.
So far most of the studies in this area have been carried out
with chloroplasts [83].

In conclusion, important steps forward have been made
into a better understanding of chromoplast differentiation.
Metabolic reorientations and specific biochemical and mo-
lecular events have been clearly identified. It is predictable
that more information will arise from the indepth descrip-
tion of the molecular events occurring during the chloroplast
to chromoplast transition using genomic tools.
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